Abstract Tendons are composed of longitudinally aligned collagen fibrils arranged in bundles with an undulating pattern, called crimp. The crimp structure is established during embryonic development and plays a vital role in the mechanical behaviour of tendon, acting as a shock-absorber during loading. However, the mechanism of crimp formation is unknown, partly because of the difficulties of studying tendon development in vivo. Here, we used a 3D cell culture system in which embryonic tendon fibroblasts synthesise a tendonlike construct comprised of collagen fibrils arranged in parallel bundles. Investigations using polarised light microscopy, scanning electron microscopy and fluorescence microscopy showed that tendon constructs contained a regular pattern of wavy collagen fibrils. Tensile testing indicated that this superstructure was a form of embryonic crimp producing a characteristic toe region in the stress-strain curves. Furthermore, contraction of tendon fibroblasts was the critical factor in the buckling of collagen fibrils during the formation of the crimp structure. Using these biological data, a finite element model was built that mimics the contraction of the tendon The results show that the contraction of the fibroblasts is a sufficient mechanical impulse to build a planar wavy pattern. Furthermore, the value of crimp wavelength was determined by the mechanical properties of the collagen fibrils and inter-fibrillar matrix. Increasing fibril stiffness combined with constant matrix stiffness led to an increase in crimp wavelength. The data suggest a novel mechanism of crimp formation, and the finite element model indicates the minimum requirements to generate a crimp structure in embryonic tendon.
Introduction
Tendon tissue is comprised of an extracellular matrix (ECM) that is abundant in collagen fibrils arranged in bundles that are parallel to the tendon long axis. In relaxed tendons, the bundles are buckled into an undulating pattern, called crimp. Unbuckling of the crimped collagen bundles during longitudinal loading acts as a natural shock-absorber on initial loading as well as being important in elastic recoil (Diamant et al. 1972; Hansen et al. 2002; Sasaki and Odajima 1996; Franchi et al. 2007a ) (reviewed by Benjamin et al. 2008; Ker et al. 2002) . The existence of the crimp explains the 'toe' region of the tendon stress-strain curve in which the tendon extends in length upon low levels of load. Once the crimp has been removed, the stress-strain curve is linear, to a close approximation, until the tendon tissue fails. Crimp first appears during embryonic tendon development (e.g. embryonic day 14 in the chick) (Shah et al. 1982 ) when the tissue is rapidly increasing in length and collagen content. However, the mechanism of crimp formation remains unknown, largely because of the impracticalities of studying its formation in vivo. In a previous study, we showed that embryonic tendon cells synthesise a tendon-like construct when cultured in fixed-length fibrin gels (Kapacee et al. 2008) . Furthermore, the constructs have similar mechanical properties to chick embryonic tendon (Kalson et al. 2010) . During earlier investigations, it was noted that tendon constructs displayed a crimp structure when examined by plane polarised light microscopy (PPLM). The motivation for our present study was to study the mechanism of crimp formation in the tendon-like construct and to model this process using finite element modelling (FEM).
FEM is a powerful tool to investigate the mechanical behaviour of biological composite materials, such as tendons. Previous studies to use FEM to explain the biological properties of tendon considered 'fibers only' (Freed and Doehring 2005) , 'fibers and matrix' (Reese et al. 2010; Chan et al. 2008) , and 'cells, fibers and matrix' (Lavagnino et al. 2008) . FEM has been used to model the mechanical response of tendon as a helical spring (Freed and Doehring 2005) or as a single fiber embedded in a block of inter-fibrillar matrix with longitudinal loading (Chan et al. 2008) . These findings show that the Young's modulus increases with increasing fibril volume/matrix ratio and fibril diameter/crimp wavelength ratio. Lavagnino et al. included fibers, matrix and cells into their model and used the approach of Freed et al. to model the crimp structure as a spring. Reese et al. modelled tendon to explain the high Poisson's ratios that occur in tendons. Their results suggest that a wavy pattern combined with a helical arrangement-a so-called super-helical arrangementprovides the best pattern to achieve the tendon mechanical response to longitudinal loading. These studies provide novel insights into the mechanical response of tendon to longitudinal loading but information on how the crimp is formed is lacking.
In this study, we demonstrate that crimp is initially generated by cellular contractile-forces. A finite element model was then developed with fibroblasts, collagen fibrils and inter-fibrillar matrix represented as simple geometries, to show how cellular contractile forces are able to produce an organised crimp pattern in the tissue.
Experimental methods

Cell isolation and tendon-construct formation
Tendon-like constructs were assembled as previously described (Kapacee et al. 2008) . Briefly, day 14 embryonic chick metatarsal tendon (ECMT) cells were propagated (not exceeding passage 7) in monolayer in 'complete medium' [DMEM4 culture medium (Sigma) supplemented with penicillin (100 U/ml), streptomycin (100 µg/ml; Lonza), l-glutamine (2 mM; Lonza) and foetal calf serum (10%; Sigma)] until sufficient numbers of cells were available to form constructs. Cells were removed from tissue culture flasks using trypsin-EDTA (Lonza). Each well of a six well plate was lined with 2 ml of Sylgard (type 184 silicone elastomer, Dow Chemical, Midland, MI, USA) and incubated at 55 • C for 15 h. Two 0.1 mm minutien pins (Austerlitz, Czech Republic) were each put through one 0.25 cm length of suture (Ethicon) and inserted with a 1 cm gap in the Sylgard. Plates were sterilised by immersion for 1 h in 100% ethanol under UV light. Cells (6.15 × 10 5 ) were suspended in 400 µl of complete medium plus 83 µl of 20 mg/ml fibrinogen and 10 µl of 200 U/ml thrombin (both bovine; Sigma, St. Louis, MO, USA) deposited in each well and incubated at 37 • C in humidified air containing 5% CO 2 . After 5 min setting time, cell-matrix layers were 'scored' with a fine pipette tip to prevent adhesion to the side of the well, then incubated with 5 ml complete medium (as above) supplemented with l-ascorbic acid 2-phosphate (200 µM; Lonza). The gel was scored every two days until, at approximately 7 days post-seeding, it had contracted to form a linear construct between the pinned sutures. The time point of 'contraction' was defined as T0.
Cell inactivation with Triton X-100
Ten constructs per group were used. Triton solution was prepared from 0.5% Triton X-100 solution (Sigma) in 40 ml PBS with two protease inhibitor tablets (Sigma). Constructs were washed with PBS twice incubated with Triton solution for 20 min (2 ml per construct), washed with PBS, and incubated with fresh Triton solution for 20 min. Constructs were washed with PBS and incubated in complete medium as above at 37 • C and 5% CO 2 . In control samples, constructs were treated similarly but without the addition of Triton to the PBS.
Crimp identification using polarised light microscopy (PLM)
Tendon-constructs treated with Triton or PBS (10 constructs in each group) were imaged with a dissecting microscope equipped with polarising filters. Constructs were then released from their anchor pins to allow contraction to occur.
Thirty minutes after release from the pins constructs were imaged again. ECMT extracted from day 14 embryos were placed in pre-warmed PBS (37 • C) and immediately taken for examination by PPLM. Crimp wavelength was determined from PPLM images by calculating the distance separating two consecutive light (or dark) bands as described previously (Diamant et al. 1972) . Twenty measurements were made on consecutive crimps in each sample.
Crimp identification using SEM
Preparation for SEM was performed as previously described (Nation 1983; Araujo et al. 2003) . Briefly, tendon constructs and ECMT were fixed for 5 min in 1% glutaraldehyde in 0.1M cacodylate buffer before being dehydrated in graded ethanol solutions. Tissues were immersed in hexamethyldisilazane (Sigma) for 5 min, air-dried at room temperature and mounted on aluminium stubs with double sticky tabs. Tissues were immediately coated using an EM Scope SC 500 sputter coater (EM Scope) with 20 nm gold and taken for examination using an FEI Quanta 200 ESEM. Imaging was performed in high vacuum at 15 kV.
Cell staining and fluorescence microscopy
Cell shape was investigated by light microscopy. Pinned tendon-constructs were incubated with Calcein-AM (10 µM for 2 h; Sigma). Images were collected on a Leica TCS SP2 AOBS inverted confocal microscope using a 20× HCX PL Fluotar objective. Constructs were allowed to contract (after removal of the anchor pins) and imaged again. The confocal settings were pinhole 1 airy unit, scan speed 1,000 Hz unidirectional, format 1,024 × 1,024. Images were collected using the following detection mirror settings; excitation 496 nm (20%), emission 500-540 nm. Fluorescence microscopy results were analysed using the ImageJ software package (National Institute of Health; Bethesda, USA, http:// rsbweb.nih.gov/ij/).
Finite element modelling
Model geometry
A number of simplifying assumptions were made about the tendon to create a finite element model of sufficient complexity that it could test the hypothesis that cellular contraction generates the crimp structure. These assumptions were as follows:
1. Three structures in the tendon play a role in the formation of the crimp and must be represented: cells, collagen fibril bundles and inter-fibrillar matrix. Fig. 1 Finite element model. a A two-dimensional model of a tendon including fibroblasts (grey ellipses), collagen fibrils (black rods) and inter-fibrillar matrix (dark grey matter). b The reduced "unit cell" model, using planes of symmetry 2. The longitudinal fibril bundles are the most significant type of fibril bundle in terms of the mechanical response being investigated. Therefore, perpendicular cross-links were not included in the finite element models. 3. The fibril bundles were connected directly to the interfibrillar matrix. The fibril bundles and inter-fibrillar matrix were not permitted to slide past one another. 4. The crimp is a planar structure and can therefore be represented by using a two-dimensional model. Figure 1a shows a two dimensional slice through tendon tissue with a number of cells arranged schematically in a regular pattern. The geometry of the tissue was defined using morphometric data obtained by light and electron microscopy (see Figs. 4, 5, 6 ). The cells (light grey) were simplified as an elliptical shape with dimensions of 50×5 µm. The fibril bundles (dark grey) were represented by rods with a diameter of 4 µm. The rods occupied approximately one third of the ECM (medium grey).
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Assuming that the tendon tissue is a regular structure, symmetry can be employed to reduce the model down to a unit "computational cell". Immunofluorescence studies of tendon have shown that cells are aligned in rows separated by bundles of collagen fibrils (for example see McNeilly et al. 1996) . Therefore, the schematic shown in Fig. 1a is, to a close approximation, representative of the arrangement of cells in tendon. The unit cell approach is a technique used for modelling composites (Farooqi and Sheikh 2006) and is suitable for studying the composite structure of tendon. Figure 1b shows the unit cell used. It comprises two quarters of two separate fibroblasts separated by a region containing fibril bundles and inter-fibrillar matrix. The geometry was converted into a finite element mesh comprising 6-noded modified quadratic plain stress triangles (Abaqus code CPS6M) using the commercial finite element package Abaqus (version 6.9-2; Simulia, Providence, RI, USA). As the contraction of the two fibroblasts could be simulated by moving the fibroblast cell walls, the actual fibroblasts did not need to be meshed.
Constitutive model
Here, the fibril bundles and inter-fibrillar matrix are assumed to behave like Neo-Hookean solids. The Neo-Hookean constitutive model is a special class of hyperelasticity. Hyperelastic models describe the stress-strain response for a perfectly elastic material over large deformations (typically strains greater than 10%). In Neo-Hookean solids, the relationship between stress and strain starts off as linear and then curves, reaching a plateau. Using a hyperelastic constitutive model is a common way to model large deformations in biological tissues (Reese et al. 2010 ).
Values for the mechanical properties
The constitutive model requires input values for Young's modulus and Poisson's ratio for both the inter-fibrillar matrix and the fibril bundles. For the finite element analyses presented in this paper, the authors sought values from the literature. Unfortunately, published values are not in good agreement, as indicated below. A value of 0.1 MPa has been reported for the Young's modulus of the interfibrillar matrix (Leahy and Hukins 2001) , whereas other workers have reported a value of 0.25 MPa (Ault and Hoffman 1992) . The Poisson's ratio of the inter-fibrillar matrix was stated to be 0.49 (Goh et al. 2004 ). Bendjaballah et al. modelled the human knee and used a modulus of 8 MPa for the matrix combined with a Poisson's ratio of 0.45 (Bendjaballah et al. 1995) . The Young's modulus for the fibers was given a value of 60 MPa, which seems to be low compared with 5 GPa proposed by others (Chan et al. 2008 ). Furthermore, a mean value for the Young's modulus of 2 GPa has been calculated based on several studies (Redaelli et al. 2003) . Van der Rijt et al. measured the mechanical properties of individual bovine Achilles tendon collagen fibrils using atomic force microscopy (van der Rijt et al. 2006) . Their measurements provided a range of values for the Young's modulus of the fibrils from 200 to 500 MPa. Other workers adapted this method and investigated the mechanical properties of adult human patellar tendon collagen fibrils (Svensson et al. 2010a,b) . Their findings show that dried fibrils with a diameter of ∼ 122 nm have a Young's modulus of 89 MPa and hydrated fibrils reach up to 500 MPa. Wenger et al. used atomic force microscopy combined with nanoindentation to determine the value for Young's modulus in the range 5-11.5 GPa for collagen fibrils derived from a rat-tail tendon (Wengeret al. 2007 ).
As there is a wide range of reported values in the literature, we decided to use the curve provided in the Abaqus manual Fig. 2 Mechanical test data of a typical neo-Hookean solid. This was used to define the mechanical properties of the inter-fibrillar matrix. To define the mechanical properties of the fibrils, this set of test data was multiplied by a factor to define the Young's modulus of the inter-fibrillar matrix (see Fig. 2 ) as these data lie within the range of the figures found in the literature. The value of Young's modulus for the fibril bundles was derived from the inter-fibrillar matrix data by multiplying by a factor that made the fibrils between 10× and 750× stiffer than the inter-fibrillar matrix. The larger difference (750×) reflects the observation that the Young's modulus of the fibrils is generally reported as being two to three orders of magnitude higher than the inter-fibrillar matrix (see the citations listed earlier). The Poisson's ratio for the ECM was given a value of 0.49, which makes it incompressible like a fluid. The Poisson's ratio for the fibril bundles was 0.4.
Finite element analyses
The finite element analyses carried out here concern geometrically nonlinear behaviour where the materials experience rotations, translations and local deformation. In this type of analysis, the initial and final boundary conditions can be defined. The solution process in the finite element software then proceeds towards the final state in a sequence of approximately linear steps. Generally, the internal configuration of the structure being analysed is the desired solution and here, the purpose is to determine whether a crimp structure forms.
A pilot analysis was carried out to test the basic principles. The sides of the unit cell were not permitted to move. The top and bottom of the model were permitted to move horizontally to preserve the planes of symmetry implied by the unit cell approach. A displacement boundary condition was applied to the internal surface of the fibroblast, changing its shape from an ellipse (at the beginning of the analysis) to a circle (at the end of the analysis). The elliptical cell dimensions of 50 µm × 5 µm were estimated from images represented by the samples in Fig. 6 . During cell contraction, the cell volume A B Fig. 3 Boundary conditions for the finite element modelling. a In a pilot study, the top and bottom of the mesh were not permitted to move vertically. The lateral sides of the mesh were fixed in place. A displacement was applied to the wall of the fibroblasts in order to change the shape of the fibroblast from an ellipse to a circle. b In the full analyses, the only modification to (a) was that the lateral sides of the mesh were allowed to move, simulating the contraction of the tendon was assumed to remain constant which led to a circle with the radius of 7.9 µm. The boundary conditions for the model are illustrated in Fig. 3a .
In the full analyses (Fig. 3b) , the only difference was that the sides of the model were moved towards each other horizontally to mimic the shrinkage of the tendon. The travelling distance was determined by the cell deformation from the elliptic shape to a perfect circle, which results in a final size of only 31.6% of the model's initial width. As in the pilot analysis, vertical movement of the sides of the model was not permitted to preserve symmetry.
The commercial finite element modelling software package Abaqus (version 6.9-2; Simulia, Providence, RI, USA) was used to build the models and run the analyses.
Results
Crimp formation by the tendon construct requires active cells
Tendon-like constructs appear as a translucent tissue between the anchoring pins when examined by plain light (Fig. 4a) . The unreleased construct is 10 mm in length and shows no evidence of crimp when visualised by PPLM (Fig. 4b, c) . When the securing pins are removed from the Sylgard base, the constructs contract to ∼3 mm during 30 min (Fig. 4d) . The contraction is accompanied by the formation of a crimplike pattern, which is visible by PPLM (Fig. 4e, f) . The mean crimp length was 10.4 ± 2.8 µm compared with 11.5 ± 2.5 µm for 14-day ECMT that has been removed from the embryo (Fig. 4j) . The observation that constructs contract and develop crimp when released from the culture plate led us to investigate if crimp formation was a property of the ECM or if cellular activity was required. Therefore, cell membranes were removed using Triton-X-100 solution (as previously described Kalson et al. 2010 ) and the constructs examined by plain light and PPLM. Protease inhibitors were added to the Triton solution to prevent proteolytic degradation of the constructs. The results showed that the treated constructs did not shrink (compare Fig. 4g with a, d ) and did not exhibit a crimp either prior to or after release from the Sylgard base (compare Fig. 4h, i with e) . A 14 day ECMT, with crimp wavelength 11.5 ± 2.5 µm, is shown for comparison (Fig. 4j ).
Mechanical testing and SEM shows embryonic crimp in embryonic tendon and in contracted tendon-like constructs
Metatarsal tendons dissected from 14-day chick embryos showed the expected toe-linear-fail features in the stressstrain curve. A typical curve is shown in Fig. 5a . As shown in Fig. 5b , tendon-like constructs that were released from the Sylgard culture dishes and mechanically tested to failure showed the same features in the stress-strain curve as tendons removed from chick embryos. However, tendon-like constructs that were not allowed to contract prior to mechanical testing showed an almost absence of the 'toe' region in the stress-stress curve (see Fig. 5b 'pinned'). Therefore, the toe region was explained by the requirement to stretch the tendon-like constructs to their pre-contracted length prior to near-linear extension of the tissue in response to the applied force. To determine whether cellular activity was required to contract the tendon-like constructs, we treated constructs with Triton X-100 solution prior to unpinning the constructs. As shown in Fig. 5b , treatment of the constructs with Triton X-100 solution prior to release abolished the toe region in the stress-strain curve, thereby demonstrating that active cells are required for the contraction of the constructs when resistive force is removed. Scanning electron microscopy (SEM) confirmed the presence of wavy patterns of collagen fibrils in the released constructs but not the pinned constructs (see Fig. 5c ).
Measurement of cellular contraction during crimp formation
The finding that the shortening and crimp formation of untensioned tendon constructs was dependent on cells led us to ask if shortening was accompanied by changes in cell morphology. Calcein-AM was used to detect live cells when imaged using a confocal microscope. In the pinned construct, the cells were arranged in longitudinal arrays and had an average length of 50.4 ± 6.3 µm and width of 4.3 ± 0.8 µm (Fig. 6a) .
In contrast, cells in the relaxed construct were more rounded ( Fig. 6b) with an average length of 20.4 ± 5.3 µm and width 8.3 ± 0.7 µm. Therefore, cells shorten and become wider during crimp formation.
Pilot finite element analysis
We performed finite element analysis to obtain insights into the mechanism of crimp formation. The results of the pilot finite element analyses are shown in Fig. 7 . Figure 7a shows the starting geometry of the model. The unit cell has been mirrored about the planes of symmetry to show one fibroblast in the centre of the model. Figure 7b and c show the final geometry obtained after the analyses have finished. The main condition enforced on the model is the contraction of the fibroblasts, from an elongated shape to a circle. The results showed that contraction of the fibroblasts distorted the fibril bundles. Distortion is greater in Fig. 7c than in b because the difference in stiffness between the fibril bundles and the ECM is greater in the former. In Fig. 7b , the fibril bundles are ten times stiffer than the inter-fibrillar matrix, and in Fig. 7c , the fibril bundles are fifty times as stiff. The distortion increases as the ratio between the stiffness of the fibril bundles and the stiffness of the inter-fibrillar matrix increases. ECMT shows toe region corresponding to straightening of crimped collagen fibril bundles. b Stress-strain curves of the tendon-construct demonstrate a toe-region characteristic of embryonic crimp in the released constructs but not in the pinned construct or in constructs treated with Triton X-100 before release. c SEM of the pinned construct (i) demonstrated straight parallel bundles of collagen fibrils. After contraction, these fibril bundles show a wavy crimp structure (ii), comparable with that seen in day 14 ECMT (iii) 4.5 Full finite element analyses A selection of images for the full finite element analyses are shown in Figs. 8 and 9 . Figure 8a shows the starting geometry of the model. Figure 8b and c show the geometry obtained at the end of the respective simulations. There are two features to note when comparing Figs. 8 and 9 with 7. Firstly, here the tendon was allowed to contract, as evidenced by the difference in image width (compare Fig. 8a with b) . Secondly, the fibroblasts have not contracted to form the perfect circle seen in Fig. 7b and c. The latter feature is due to the finite element modelling process terminating early. As stated in Sect. 3, the Analyst defines the starting geometry and the desired end point of the simulation. The Solver then proceeds towards the desired end point in a series of approximately linear steps. Here, those steps can be thought of as If the Solver encounters numerical difficulties at one of the steps, the simulation stops. The final output generated when the Solver stops is the last valid solution possible with that finite element mesh.
So here, the fibroblasts do not contract to form a perfect circle because the finite elements have become so distorted that it is not possible to proceed with the analysis. Despite this simulation detail, the results obtained do support the hypothesis that cell contraction leads to a crimp structure. They are also consistent with the experimental observations in Sect. 4.2 where the cells shorten and become wider during crimp formation.
The finite element study indicates that the wavelength of the crimp structure is dependent on the difference in mechanical stiffness of collagen fibers and inter-fibrillar matrix. For example, when the fibril bundles were 10 times as stiff as the matrix, a crimp wavelength of 2.3 µm was obtained. This coincided with a tendon contraction of 100 to 52 µm (Fig. 8b) . In comparison, when the fibril bundles were one hundred times as stiff as the matrix, a larger crimp wave-length of 4.9 µm was obtained. Here, the tendon had contracted from 100 to 62 µm (Fig. 8c) . Another observation is that the geometry of the crimp structure is dependent upon the difference in stiffness. In Fig. 8b , the crimp structure was not distributed equally over the model but was concentrated between the cells. In contrast, Fig. 8c , with stiffer fibril bundles, shows a more evenly distributed crimp structure. Figure 9b shows the result of an analysis in which the fibril bundles were 750 times as stiff as the ECM. The visualisation of the completed analysis (Fig. 9b) is superimposed on the initial state of the model (Fig. 9a) . The crimp wavelength here was 8.6 µm for a tendon contraction from 100 to 64 µm. Note that the differences in tendon contractions for each of these models (52, 62 and 64 µm) are due to the differences in where the finite element Solver decided to stop. This difference is consistent with the differing levels of crimp formation in the finite element models. The higher the stiffness of the fibrils, the tighter the crimp structure and the more distorted the finite elements.
To investigate the relationship between stiffness and crimp length, a number of different model simulations were executed where the fibril bundles were 10×, 50×, 100×, 250×, 500× and 750× as stiff as the matrix. The difference in stiffness is plotted against the ratio of crimp wavelength to tendon contraction in Fig. 10 . Values are given in Table 1 . The ratio essentially normalises the values for crimp wavelength to enable comparison. Figure 10 shows a positive trend; as the stiffness of the fibril bundles increases with respect to the matrix, the crimp wavelength increases. wavelength/contracted length ratio of 0.303, which is consistent with the trend predicted by the modelling.
Movies showing the progress of the finite element analyses are available as supplementary data files. The contraction of the different models can be monitored and a distinct difference in runtimes can be observed. This is due to the fact that the algorithm required more time to solve the models with a higher difference in stiffness between collagen fibrils and inter-fibrillar matrix.
Discussion
This study proposes that the formation of crimp in untensioned embryonic tendon is a consequence of cells actively pulling on the fibril bundles in the inter-fibrillar matrix in conjunction with a difference in stiffness between the fibril bundles and the inter-fibrillar matrix. A tendon-like construct, which shows similar structural and mechanical properties to embryonic tendon, was used to provide the quantitative data for a finite element model of crimp formation. A pilot model highlighted how a difference in stiffness between the fibril bundles and interfibrillar matrix leads to a wavy structure when the cell contracts. This wavy arrangement is caused by shear stresses that develop on the interface between the fibril bundles and the inter-fibrillar matrix. These shear stresses cause the stiffer fibril bundles to buckle and displace the less stiff inter-fibrillar matrix. As the ratio between the stiffness increases (i.e. fibril bundle stiffness/inter-fibrillar matrix stiffness), the shear stresses increase, leading to more pervasive buckling and an increase in crimp wavelength.
The full finite element analyses, with the additional condition of tendon shortening, predicted the development of the crimp structure with approximately the correct crimp length when the fibril bundles were 750 times stiffer than the matrix. It has been reported that, under increasing mechanical strain, both the crimp angle and the crimp wavelength increase in tendons (Jarvinen et al. 1999) . This is in line with our findings and highlights the relevance of the finite element approach to studies of crimp formation.
Several theories have been proposed to explain the crimp structure. The collagen fibrillar matrix in tendon has been compared with a liquid crystal and that crimp formation is a spontaneous transition from an isotropic to a cholesteric phase (Giraud-Guille and Besseau 1998). Raspanti et al. report a loss of the D-period banding pattern (where D = 67 nm, the periodic structure of collagen fibrils) at the location of fibril crimps in rat Achilles tendon, explained by an absence of regular molecular packing (Raspanti et al. 2005) . The exact organisation of the collagen fibrils within the crimp structure is still under debate. Diamant et al. initially suggested a planar zigzag pattern with distinct joints where the fibrils kink (Diamant et al. 1972) . However, other studies suggested a wavy pattern without distinct hinge sites (Yahia and Drouin 1989; Kannus 2000; Rowe 1985) . Further studies proposed helical arrangements of fibril bundles (de Campos Vidal 2003) . Recently, crimp formation has been proposed to result from a left-handed helical arrangement of microfibrils within fibrils (Franchi et al. 2010b ). The fibrils are suggested to contain, therefore, points of changing direction that are aligned transversely across the tendon (Franchi et al. 2007b (Franchi et al. , 2009 Raspanti et al. 2005) . These points are suggested to constitute the fulcrum of biological hinges. In these regions, the fibrils show a local left-handed helical arrangement of microfibrils corresponding to a local increased flexibility of the fibrils.
Here, a tendon-like construct, which shows similar structure and mechanical properties to embryonic tendon, was used to provide the quantitative data for a finite element model of crimp formation. The model predicted the development of the crimp structure with the correct length scale. The shape of the crimp structure in this model led to the conclusion that a planar wavy pattern is a possible basis for the crimp structure. An important difference in the data obtained by us to what has been reported for mature tendon is the absence of kink regions where the orientation of the collagen fibrils and fibril bundles change abruptly. We were mindful that the crimp in embryonic tendon and in the tendon-like constructs might differ from the crimp in mature rat (Raspanti et al. 2005; Franchi et al. 2007b Franchi et al. , 2009 Franchi et al. , 2010a , bovine (de Campos Vidal 2003) or human tendons (Svensson et al. 2010a,b) . SEM studies of embryonic tendon revealed a wavy crimp structure without the presence of fibrillar knots seen in mature tendon (Franchi et al. 2010a ). This wavy pattern is also found in other fibrous tissues that have a loadbearing role, such as aponeuroses and arterial walls (Franchi et al. 2008) . Further studies will determine whether the wavy crimp seen in embryonic tendon is a precursor to mature crimp with fibrillar knots and kinks observed in older tendon.
Crimp angle and crimp length is greater in tendon under mechanical strain than in tendons of immobilised limbs (Jarvinen et al. 1999) . Furthermore, crimp morphology is grossly disturbed in tendon tissue that has been injured and is associated with sub-optimal response to mechanical loading (Jarvinen et al. 2004) . Therefore, the proposal that cells actively pull on their immediate matrix has direct relevance to crimp formation and the restoration of mechanical function after injury. The observation that crimp formation requires forces generated by cells and is sensitive to the relative mechanical properties of the fibrils and inter-fibrillar material has implications for tissue healing and regeneration. For example, myofibroblasts exert contractile forces on adherent surfaces during wound healing, scar remodelling and fibrosis (Hinz 2009; Hinz and Gabbiani 2010; Desmouliere et al. 2005) . We expect that the methods we describe here to study the formation of crimp and the contraction of tendon tissue might be of value to understanding cell-mediated contractions of scars and wounds.
Summary
An understanding of crimp formation is important in attempts to promote tendon healing and to engineer replacement tissues. A tendon-like construct was used as a model system to investigate the mechanism of crimp formation in tendon. Structural evidence based on PPLM and light microscopy revealed that the crimp structure was induced by a contraction of the tendon fibroblasts. Based on this information, an FEM was built comprising three structural components: fibroblasts, collagen fibrils and inter-fibrillar matrix. The contraction of the cell led to a wavy arrangement of the fibrils whose wavelength was regulated by the difference in stiffness between fibrils and matrix. The final model with fibrils 750 times as stiff as the matrix developed a crimp wavelength of 8.6 µm which is close to the value of 10.4 µm observed in the tendon construct.
